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Figure 6
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Figure 7
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Figure 8
Test type Anode type Mean pull-off Number of cells
pressure/ MPa tested*
As manufactured NiO/CGO10 14.0 19
As manufactured  NiO/CuO/CGO10 >17 5
After test Ni/CGO10 6.7 21
After test Ni/Cu/CGO10 >17 5

* 5 measurements per cell
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METAL SUPPORTED SOLID OXIDE FUEL
CELL

FIELD

The invention relates to a metal supported solid oxide fuel
cell (SOFC), to processes for forming the fuel cell and to uses
thereof. The invention relates, in particular, to metal sup-
ported solid oxide fuel cells wherein the anode comprises
nickel and copper.

BACKGROUND

A SOFC is an electrochemical device for the generation of
electrical energy through the electrochemical oxidation of a
fuel gas (usually hydrogen-based). The device is generally
ceramic-based, using an oxygen-ion conducting metal-oxide
derived ceramic as its electrolyte. As most ceramic oxygen
ion conductors (for instance, doped zirconium oxide or doped
cerium oxide) only demonstrate technologically relevant ion
conductivities at temperatures in excess of 500° C. (for
cerium-oxide based electrolytes) or 600° C. (for zirconium
oxide based ceramics), SOFCs operate at elevated tempera-
tures.

In common with other fuel cells, SOFCs include an anode
where fuel is oxidised, and a cathode where oxygen is
reduced. These electrodes must be capable of catalysing the
electrochemical reactions, be stable in their respective atmo-
spheres at the temperature of operation (reducing on the
anode side, oxidising on the cathode side), and be able to
conduct electrons so the electric current generated by the
electrochemical reactions can be drawn away from the elec-
trode-electrolyte interface.

Finding materials with the relevant combination of prop-
erties for the anode has, in spite of extensive research, proved
difficult. For many years, the state-of-the-art SOFC anode has
consisted of a porous ceramic-metal (cermet) composite
structure, with nickel as the metallic phase and an electrolyte
material (usually yttria or Scandia-stabilised zirconia) as the
ceramic phase, although less commonly doped ceria-based
electrolyte materials such as gadolinia or samaria-doped ceria
have also been used. In this structure, the nickel performs the
role of catalyst, and the volume fraction of nickel is high
enough that a contiguous metal network is formed, thus pro-
viding the required electronic conductivity. The electrolyte
material forms a contiguous ceramic backbone to the anode,
providing mechanical structure, enhancing the bond between
the anode and the electrolyte and also extending the anode-
electrolyte interfacial region some distance into the anode.

A well-known limitation of these cermet anodes is that at
cell operating temperature the metallic nickel in the anode is
only stable in a reducing atmosphere. This is normally pro-
vided by the fuel gases, so under normal operation the anode
is stable. However, should the supply of fuel gas be inter-
rupted with the SOFC at operating temperature, the atmo-
sphere within the anode will become oxidising. Under these
conditions the metallic nickel will oxidise back to nickel
oxide. This oxidation is associated with a volume increase of
greater than approximately 40%, because the metallic nickel
which has been formed by the reduction of sintered nickel
oxide does not oxidise back to the same morphology as the
original nickel oxide from which it was formed. Instead it
generates mesoporosity, occupying a larger volume than the
original nickel oxide. This volume change on reoxidation can
generate large stresses in the anode structure, which in turn
can resultin cracking of the anode and potential destruction of
the SOFC cell.
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The inability of many SOFC cells to undergo multiple
reduction-oxidation (REDOX) cycles without suffering dam-
age of this type has been a major factor inhibiting the wide-
spread commercial adoption of SOFC technology for power
generation, as SOFC systems generally require the presence
of complex and expensive purge gas systems to maintain a
reducing atmosphere over the anodes in the event of an unex-
pected fuel interruption, for example due to a failure else-
where in the system which requires an emergency shutdown
of the system for safety reasons.

The problem ofinadequate REDOX stability is particularly
acute in anode supported fuel cells, currently the most com-
mon form of SOFC cell. Anode support is beneficial as it
allows a very thin (<20 um) layer of electrolyte (such as
stabilised zirconia) to be used, as the electrolyte is non-struc-
tural. This in turn allows operation at a lower temperature
range than is the case for electrolyte supported cells (650 to
800° C. rather than 850 to 1000° C.). Because the resistance
of'the electrolyte to oxygen ion transport is inversely propor-
tional to the electrolyte thickness, in electrolyte supported
fuel cells, the resistance caused by the thickness of the elec-
trolyte layer is overcome by increasing operation tempera-
tures, exploiting the exponential drop off in resistance with
temperature. As thinner layers can be used in anode supported
cells, operation temperatures can be reduced, which is gen-
erally desirable as it facilitates the use of lower-cost materials
in the SOFC system, and reduces the rate of various material
degradation mechanisms such as the oxidation of metallic
components.

In spite of these advantages, as the anode is the structural
support of the SOFC cell in an anode-supported cell, the cells
are very prone to catastrophic failure on repeated REDOX
cycling, as stress-induced cracking can result in the cell com-
pletely breaking up.

In spite of considerable efforts by developers, no alterna-
tive to nickel has achieved widespread adoption, as no suit-
able material has yet been developed which combines nick-
el’s relatively low cost, high catalytic activity for both
electrochemical oxidation of hydrogen and steam reforming
ot hydrocarbon fuel feeds, and high electronic conductivity.

Gorte et. al. (US 2005/227133 A1, U.S. Pat. No. 7,014,942
B2)have reported the use of copper in a SOFC anode partially
or completely substituted for nickel. Copper has advantages
as an electronically conductive phase in the anode, notably
that it does not catalyse the formation of carbon from hydro-
carbon fuels. However it is a poor catalyst for the electro-
chemical oxidation of hydrogen and steam reforming of
hydrocarbon fuels, so in the copper anodes tested by Gorte et
al., an additional catalyst such as ceria was required to achieve
adequate electrode performance. The other issue with the use
of copper in conventional SOFC applications is that both
copper metal and copper oxide have low melting points
(1084° C. and 1326° C. respectively). Cermet anodes are
typically formed by sintering a mixture of the metal oxide
powder and the electrolyte powder at 1200-1500° C. in air,
followed by reduction of the metal oxide to the metal using
hydrogen on first operation of the SOFC. This range of sin-
tering temperatures is either close to or above the melting
point of copper oxide (nickel oxide by contrast melts at 1955°
C.), leading to excessive sintering of the copper oxide phase.
Also conventional SOFC operating temperatures are in the
range 700-900° C., close to the melting point of metallic
copper, which tends to result in sintering of the copper phase
during SOFC operation, potentially causing performance
degradation. To address this issue, Gorte et al. developed a
method of adding the copper to the anode in a post-sintering
infiltration step using solutions of copper salts which were
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dried and then calcined to decompose the saltto copper oxide,
thereby avoiding the need to sinter copper oxide at high
temperatures. However, the infiltration step, whilst allowing
the use of copper cermets, may be difficult to scale up to
industrial production. Another issue with copper is that
although less reactive than nickel, it will still oxidise if
exposed to an oxidising atmosphere at temperature, and thus
a copper-based anode also lacks REDOX stability.

There are factors relating to the design of the SOFC which
can help mitigate the damaging effects of REDOX cycling,
these include:

Not using an anode supported cell—the anode can there-
fore be thinner; reducing the overall volume change
through REDOX cycling and the danger of catastrophic
cracking.

Operating at a lower temperature—the rate of nickel oxi-
dation increases exponentially with increasing tempera-
ture, starting at >300° C. The lower the temperature of
operation, the less risk of nickel oxidation and volume
expansion. Further, nickel particles tend to oxidise
though a core-and-shell mechanism, where the outer
surface oxidises rapidly, but then the core of the particle
oxidises more slowly as this is diffusion limited. Thus at
lower temperatures, it is likely that only the outer surface
of'the nickel particles in the anode will reoxidise, not the
entire particle and any volume change will be reduced.

Provide the anode with a contiguous ceramic ‘back-
bone’—As the electrolyte-based ceramic phase used in
SOFC anodes is largely unaffected by changes in oxy-
gen partial pressure, this part of the anode will not
change volume during REDOX cycles affecting the
nickel phase. Thus the structural integrity of the anode
and its bond to the electrolyte will be enhanced if there is
a sintered porous ceramic network within the anode.

A design of SOFC cell which has the potential to meet
these criteria is the metal-supported SOFC design disclosed
by the applicant in GB 2 368 450. This SOFC cell uses a
ferritic stainless steel foil as a structural support. The foil
being made porous in its central region to allow fuel access to
the anode. The active cell layers (anode, electrolyte and cath-
ode) are all deposited on top of the substrate foil as films. This
means the anode only needs to be around 15 pm thick as it is
not the structural support for the cell. This cell also allows
operation at temperatures in the range 450-650° C., much
lower than standard operating temperatures. This is achieved
through the use of predominantly cerium oxide (ceria)-based
ceramic materials such as CGO10 (gadolinium doped-cerium
oxide, for CGO 10-Ce, ,Gd, ;0 55) as the oxygen ion con-
ducting electrolyte, which have an intrinsically higher oxy-
gen ion conductivity than zirconia-based materials. A thin
film of stabilised zirconia is deposited in the electrolyte to
prevent internal short-circuiting of the cell due to the mixed
ionic-electronic conductivity of ceria-based electrolytes, as
disclosed in GB 2 456 445, but as the zirconia layer is so thin,
its resistance to oxygen ion transport is sufficiently low that
low-temperature operation is not prevented. The SOFC cell of
GB 2368 450 uses a porous metal-CGO10 composite cermet
anode fabricated as a thick film with a thickness between 5
and 30 um. The anode is generally deposited by screen-
printing an ink containing metal oxide and CGO10 powders
and formed into a porous ceramic layer by thermal processing
to sinter the deposited powders together to form a contiguous
structure bonded to the steel substrate.

A limitation imposed by the deposition of the ceramic
layers onto a ferritic stainless steel support by conventional
ceramic processing methods is the maximum temperature to
which the steel may be exposed in an oxidising atmosphere
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due to the formation of a chromium oxide scale at high tem-
peratures in an oxidising atmosphere. This upper limit is
substantially below the 1200-1500° C. typically used when
sintering ceramics and so methods have been developed for
sintering rare earth doped ceria electrolytes to >96% of theo-
retical density at <1100° C., facilitating the formation of the
gas-tight layer desired (GB 2 368 450, GB 2 386 126 and GB
2 400 486).

Surprisingly, sintering a nickel oxide-rare earth doped
ceria composite anode at these temperatures has proved more
difficult than sintering the electrolyte. This is because com-
posites of two different oxide materials have been found to
sinter more poorly than a single phase material. Thus nickel
oxide or the ceramic alone will sinter adequately at these
temperatures, but as a composite sintering in air can be poor,
leading to weak necks between particles and a weak ceramic
structure. This can result in cell failure as a result of REDOX
cycling, as the weak bonds between nickel particles break as
aresult of the volume changes during the REDOX cycle. This
can ultimately result in the catastrophic failure of the cell
through delamination of the electrolyte from the anode.

In order to improve the REDOX stability of the cell, it is
desirable to find a means of enabling sufficient sintering of the
cermet structure at the temperature range at which it is pos-
sible to fire the ceramic layers on a steel substrate. It would
therefore be advantageous to provide for a method of prepar-
ing a metal-supported SOFC in which the anode is stable to
redox cycling, robust to a loss of reducing atmosphere at
operating temperature, and yet can be made using commer-
cially viable production methods. The invention is intended to
overcome or ameliorate at least some aspects of this problem
and those described above.

SUMMARY

Accordingly, in a first aspect of the invention there is pro-
vided a process for forming a metal supported SOFC, the
process comprising the steps of:

a) applying a green anode layer including nickel oxide,
copper oxide and a rare earth-doped ceria to a metal substrate;

b) firing the green anode layer to form a composite includ-
ing oxides of nickel, copper, and a rare earth-doped ceria;

¢) providing an electrolyte; and

d) providing a cathode.

The presence of the copper in the anode layer, generally as
copper oxide, provides an anode with improved sintering
between the nickel oxide and the rare earth-doped ceria. This
in turn enhances the formation of the ceramic backbone in the
anode and increases the stability of the anode (and fuel cell as
a whole) to REDOX cycling as the anode microstructure is
more robust than if copper were absent and less prone to
volume change during the reduction of nickel and copper
oxide to nickel and copper on first use of the fuel cell, or
during any change on reoxidation if the reducing atmosphere
is lost at operating temperatures, for instance in the event of
unplanned system failure and loss of fuel supply.

In many cases, the process of the invention will further
comprise the step of compressing the green anode layer at
pressures in the range 100 to 300 MPa. This compression step
increases the density of the of the unsintered green anode
layer, ensuring that the particles of nickel oxide, copper oxide
and rare earth-doped ceria are in sufficiently close contact to
sinter effectively at the temperatures employed in the process
of'the invention. It will often be the case that the compression
step is used in combination with a step of heating the printed
layer to remove residual organic materials from the ink base
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prior to compression, to leave a green anode layer comprising
nickel oxide, copper oxide and a rare earth-doped ceria that
may be compressed.

The first step of the process as described is the application
of a green anode layer to the metal substrate, typically the
metal substrate will be a stainless steel substrate, in particular
a ferritic stainless steel substrate, as ferritic stainless steel
forms a chromium oxide surface passivation layer when
heated. This passivation layer protects the bulk metal of the
support and provides a diffusion barrier between the anode
and the bulk metal of the support. As used herein, the terms
“support” and “substrate” as referring to the metal support/
substrate are intended to be used interchangeably. The forma-
tion of a chromium oxide passivation layer, as opposed to
aluminium oxide or silicon oxides commonly formed with
other heat resistant steels, has the benefit that chromium oxide
is an electronic semi-conductor at high temperatures, rather
than being insulating, making the ferritic stainless steel suit-
able foruse in fuel cell applications. The ferritic stainless steel
may be an aluminium free ferritic stainless steel, such as a
ferritic stainless steel containing titanium and/or niobium as
stabilisers. Often the ferritic stainless steel will comprise
from about 17.5 to 23 wt % Cr. In particular, the ferritic
stainless steel may be selected from European designation
1.4509 (17.5 to 18.5 wt % Cr) and/or European designation
1.4760 (22 to 23 wt % Cr), although similar designations of
ferritic stainless steel may also be used, as would be under-
stood by the person skilled in the art.

The substrate may have a thickness in the range about 50 to
500 pm, often about 100 to 400 um, in some cases about 200
to 350 um. The thickness of the substrate is determined by the
need to provide a stable substrate, which doesn’t warp during
cell formation or in use, yet which is as thin as possible to
allow efficient contact between the fuel and the anode. As
described in GB 2 368 450, this contact can be achieved with
excellent results by the provision of a porous region bounded
by a non-porous region of the substrate, over which the anode
is formed. It will often be the case that the porous region of the
substrate includes a plurality of through apertures fluidly
interconnecting the one and other surface of the substrate,
often these will be uniformly spaced, additionally or alterna-
tively having a lateral dimension of from about 5 to 500 pum,
or from about 100 to 300 um. Further, the apertures may
comprise from about 0.1 to 5 area % of the porous region of
the substrate or from about 0.2 to 2 area % of the porous
region of the substrate. Each of these features contribute to an
efficient transfer of fuel through the substrate to the anode,
whilst allowing the metal substrate to support the fuel cell,
facilitating the use of dramatically reduced thicknesses of the
electrochemically active layers within the cell.

Typically the substrate will be a foil, although a sintered
substrate could also be used. The advantage of foils is the ease
of control of the structure of the porous region.

The green anode layer is generally formed by application
of an ink comprising the nickel oxide, copper oxide and rare
earth-doped ceria, although other methods may be used.
These three components will generally be suspended as pow-
ders within an ink base, the ink base generally comprising one
or more volatile solvents, one or more dissolved non-volatile
polymer binders, dispersants, wetting agents and other com-
mon ink components. The nickel oxide, copper oxide and rare
earth-doped ceria will often be of particle size distribution
d90 in the range 0.1 to 4 um, or 0.2 to 2 pm or 0.7 to 1.2 pm.
Whilst the particle size distributions, and sizes themselves, of
each of the copper oxide, nickel oxide and rare earth-doped
ceria may be different, it can be beneficial if they are the same,
or similar, as this helps to facilitate good mixing of the pow-
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ders and hence strong sintering of the anode. Small particle
sizes are generally selected as these are more easily sus-
pended in the ink, and offer a greater homogeneity of com-
ponents within the anode layer, and have a higher surface area
to volume ratio, increasing the reactivity of the particles and
ease of sintering.

Typically, the ink will contain in the range 30 to 70 wt % of
the solids content in the ink of mixed metal oxides (namely,
the combination of copper oxide and nickel oxide). Often, this
will be 35 to 45 wt %, the remainder of the solids being the
rare earth-doped ceria. That is to say, it will often be the case
that the only solids in the ink will be the metal oxides and the
rare earth-doped ceria, and as such it will often also be the
case that the anode consists of, or consists essentially of,
nickel oxide, copper oxide and the rare earth-doped ceria.
Often, the metal oxide component of the ink will comprise in
the range 5 to 50 wt % of the total metal oxide of copper oxide,
often 8 to 25 wt %. In many cases the copper oxide will be
around 10 wt %, perhaps 8 or 9 to 11 or 12 wt % of the total
metal oxide, the ratio of nickel oxide to copper oxide there-
fore being around 9:1. The ratio will typically be in the range
20:1 to 4:1, often in the range 15:1 to 6:1. It has been found
that by selecting these levels of copper oxide doping, the
relatively low melting point of the copper oxide offers
enhanced sintering within the composite anode material,
without lowering the metal oxide melting point below that
necessary for sintering of the rare earth-doped ceria to occur,
and without impairing anode functioning, in particular where
the fuel is hydrogen, or where the fuel cell is steam reforming
hydrocarbons.

It will often be the case that the copper oxide is copper (II)
oxide, as this has a higher melting point than copper (1) oxide,
and has semi-conductor properties. However, copper (I)
oxide may also be used as this may form copper (1) oxide at
high temperature in air.

In many examples, the rare earth-doped ceria will have the
formula Ce, RE O, ., where RE is a rare earth and
0.3=x=20.05. Often, the rare earth-doped ceria will be gado-
linium doped cerium oxide, often of the formula
Ce, ,Gd, O, 45 (CGO10). These compounds are generally
used as they have ahigher oxygen ion conductivity than many
electrolyte materials, including zirconia-based materials;
thereby allowing operation of the fuel cell at lower tempera-
tures than conventional SOFCs, the temperature of operation
of the fuel cell of the invention typically being in the range
450° C.10 650° C., often 500° C. to 620° C. Operating the fuel
cell at lower temperatures has a number of benefits, including
reduced rate of oxidation of nickel in non-reducing atmo-
spheres, which in turn often results in only the outer shell of
the particle oxidising, reducing volume change within the
anode and hence risk of cracking in the event that the reducing
atmosphere of the fuel supply is interrupted. Further, it makes
the use of metal supports possible, allowing thinner layers of
electrode and electrolyte material to be used, as these play
less of a structural role, if any at all. In addition, these tem-
peratures are well below the melting point of copper, provid-
ing the option of using copper as a component of the cell.

The application ofthe green anode layer generally includes
an initial application of the ink to the metal substrate, this will
typically be by printing, for instance by screen printing,
although other methods, such as tape casting, vacuum slip
casting, electrophoretic deposition and calendering may be
used as would be known to the person skilled in the art. Where
a porous region is present, the application of the ink to the
substrate will typically be such that a layer is formed over the
porous region, but the non-porous region is left substantially
uncovered. This ensures that the fuel cannot bypass the
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anode, but minimises material costs and weight by covering
no more of the substrate than necessary.

This initial application will optionally be followed by a
step of drying the ink to provide a printed layer. The drying
may be air drying, or under gentle heat. Gentle heat is often
used to speed up the formation of the printed layer. Tempera-
tures in the range 50° C. to 150° C. would be typical. The
drying step evaporates solvents and sets any binders in any
ink formulation used, solidifying the ink and forming an
initial, albeit fragile, anode layer, termed here the printed
layer. This layer will generally be of thickness in the range 5
to 40 um, often 7 to 20 pum, often 9 to 15 pm. As the fuel cells
of'the invention are not anode supported cells, the anode layer
can be much thinner than in many conventional fuel cells,
which has the advantage that the overall volume change dur-
ing REDOX cycling is smaller, and so cracking of the anode
over time is significantly reduced.

The applied nickel oxide, copper oxide and rare earth-
doped ceria; or the printed layer where a drying step is
present, may then be heated to remove any organic compo-
nents in an ink mixture, for instance, polymer binders typi-
cally present in inks. The temperature of this step will depend
upon the binders present but will often be in the range 300 to
500° C. This heating step may be combined with the drying
step, although to provide a well formed, even, green anode
layer the solvents are generally first removed, and then the
organic components of the mixture in a separate step.

Often, where required, the compression step described
above will typically be applied after the ink has dried and the
organics removed as at this stage the green anode layer com-
prises only the active components (namely the nickel oxide,
copper oxide and rare earth-doped ceria). This allows the
compression step to most efficiently compact the anode and
increase the density of the oxides and ceria so that sintering is
improved. A variety of compression methods may be used, as
would be known to the person skilled in the art, although often
uniaxial or cold isostatic pressing will be used.

The step of firing the green anode layer to form a composite
including oxides of nickel, copper, and a rare earth-doped
ceria provides for sintering of the rare earth-doped ceria and
the metal oxides to form the ceramic structure of the anode.
Firing of the green anode layer therefore generally occurs in
a furnace at a temperature in the range 950 to 1100° C., often
980 to 1050° C. or 1000 to 1030° C. The upper limit of these
ranges is selected on the basis of substrate stability. Above
around 1100° C. even high chromium content steels, known
for their high oxidation resistance, oxidise in air too rapidly
for the substrate to survive the firing process. Specifically, the
chromium oxide passivation layer grows and flakes repeat-
edly during the formation of the anode cermet, weakening the
metal substrate to an unacceptable extent. The use of the rare
earth-doped ceria facilitates the use of a metal substrate,
together with the formation of a robust cermet as ceria com-
pounds may be sintered at temperatures below 1100° C. The
lower limit is guided by the need for successtful sintering of
the materials.

The firing step will typically be firing in air, although other
non-reducing atmospheres may be used. Typically the firing
step will be over a period 15 to 60 minutes. Whilst the firing
period must be sufficient to allow sintering of the metal oxides
and the rare earth-doped ceria, and to allow the furnace to
reach thermal equilibrium; too long a firing period can
increase oxidation of the metal support and lead to contami-
nation of the anode with, where ferritic stainless steel is used,
chromium evaporating from the support. Hence, the optimal
firing period is in the range 15 to 60 minutes. After sintering
the anode is allowed to cool, providing a robust, porous,
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anode structure containing nickel, copper and the rare earth-
doped ceria as an ceramic oxygen ion conductor.

Whilst as described above the firing of the anode occurs
before the electrolyte is provided, it may be that the electro-
lyte be applied over the green anode layer before firing
occurs. As such, the process may comprise the step of pro-
viding an electrolyte before the step of firing the green anode
layer, so that the electrolyte and green anode layer are simul-
taneously fired.

Typically, the electrolyte for use with the fuel cells of the
invention will be of thickness in the range 5 to 30 um, often in
the range 10 to 20 um. The provision of such a thin electrolyte
layer provides for rapid transfer of oxygen ions from the
cathode, to the anode. Often the electrolyte will comprise a
rare earth-doped ceria, appropriate rare earth cerias being as
defined above for the anode. In some examples, the electro-
lyte may comprise a rare earth-doped ceria combined with a
low level of cobalt oxide and/or copper oxide, as a sintering
aid, for instance there may be in the range 0.5 to 5 wt % cobalt
oxide and/or copper oxide, the remaining electrolyte being
the rare earth-doped ceria. The use of rare earth-doped cerias
for both the anode and electrolyte helps to enhance the com-
patibility between these components of the fuel cell both
chemically and in terms of the thermal expansion, which is
closely matched reducing the mechanical stress between lay-
ers during REDOX cycling, and hence also reducing the
likelihood of cracking and fuel cell failure in use. Further, as
these cerias have high charge transfer rates, their inclusion
ensures a good rate of charge transfer between the electrolyte
and the anode.

The electrolyte will generally be sintered, either simulta-
neously with the anode as described above, or in a separate
firing step after the anode is fully formed.

Typically the cathode will be of thickness in the range 30 to
60 um, often 40 to 50 um. The cathode will generally com-
prise two layers, a thin active layer where the reduction of
oxygen takes place, and a thicker current collector layer, to
allow the current to be collected from a cell in the stack. The
current collector layer will generally be a perovskite such as
lanthanum strontium cobaltite, although any electronically
conductive ceramic material may be used.

The active layer cathode may comprise a sintered pow-
dered mixture of perovskite oxide mixed conductor and rare
earth-doped ceria, the rare earth-doped ceria being as defined
above. The perovskite may comprise La, Sr,Co Fe, O, ,,
where 0.52x=0.2 and 1=2y=0.2. In particular, the perovskite
oxide mixed conductor may comprise one or more of
Lag ¢Sty 4Coq sFeq 3055, Gdg sC005 5, and RE Sr;  CoO,4_,,
(where RE=La, Sm, Pr and 0.5<x<0.8). It can be useful to use
these compounds as they have a higher ionic conductivity
than most perovskites. In some cases, the mixture comprises
in the range 20 to 50 wt % rare earth-doped ceria, in some
cases 30 to 45 wt %, in some cases 35 to 45 wt %, or around
40 wt % rare earth-doped ceria as defined above. This helps to
enhance the compatibility between the cathode and electro-
lyte both chemically and in terms of the thermal expansion
described above, and as these cerias have high charge transfer
rates, their inclusion ensures a good rate of charge transfer
between the electrolyte and the cathode.

The cathode will generally be sintered before use. The
cathode will typically be applied as one or more layers (for
instance active and current collecting) directly or indirectly
over the sintered electrolyte and sintered under conditions
similar those described above for the anode. This provides an
intermediate temperature metal supported SOFC, which is
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robust to repeated REDOX cycling, and as a result of the
anode structure formed, to fuel depravation whilst at high
temperature.

In a second aspect of the invention there is provided a metal
supported SOFC comprising an anode, a cathode and an
electrolyte, wherein the anode includes nickel, copper and a
rare earth-doped ceria. As described above, to provide a
robust fuel cell structure, the nickel, copper and rare earth-
doped ceria are generally sintered. In use, the nickel may be in
a form comprising metallic nickel, nickel oxide and combi-
nations thereof depending upon the REDOX state of the
nickel. For instance, the nickel will be in the form of nickel
oxide upon formation of the cell, but will be reduced to nickel
metal at the point of first use of the cell. Similarly, the copper
may be in a form comprising metallic copper, copper (1)
oxide, copper (II) oxide and combinations thereof. Further,
mixed metal and metal oxide phases may be formed, due to
the mutual solubility of nickel and copper at high tempera-
tures. As such, it may be the case that a nickel-copper alloy is
formed, which when oxidised forms a nickel-copper mixed
metal oxide, which could be generally described as having the
formula Ni Cu, O, with x being variable between O and 1 as
would be understood by the skilled reader. Mixed oxides
containing cerium could also be formed, due to the solubility
of copper oxide in doped ceria. The anode, cathode, and
electrolyte will, in other respects, be generally as described
above.

In some instances, the fuel cell will be a fuel cell of the type
described in the applicants granted patent GB 2 368 450,
which is incorporated herein by reference. In such cases, the
fuel cell may comprise:

(1) a ferritic stainless steel support including a porous
region and a non-porous region bounding the porous region;

(ii) a ferritic stainless steel bi-polar plate located under one
surface of the porous region of the support and being seal-
ingly attached to the non-porous region of the support about
the porous region thereof;,

(iii) an anode comprising an anode layer located over the
other surface of the porous region of the support;

(iv) an electrolyte comprising an electrolyte layer located
over the anode layer; and

(v) a cathode comprising a cathode layer located over the
electrolyte layer;
wherein the anode includes nickel, copper and a rare earth-
doped ceria.

The fuel cell may be present in a fuel cell stack, comprising
two or more fuel cells, and there is therefore provided in a
third aspect of the invention, a fuel cell stack comprising fuel
cells according to the second aspect of the invention. Each
fuel cell may comprise a bi-polar plate, as described above, to
which the support may be welded, or otherwise sealed.

In a fourth aspect of the invention, there is also provided for
the use of a fuel cell according to the second aspect of the
invention in the generation of electrical energy.

The process of the invention is intended to provide a
method for the manufacture of a highly sintered nickel-cop-
per-rare earth-doped ceria thick film anode suitable for use in
ametal supported SOFC cell, whilst avoiding the problems of
poor anodic sintering, and delamination of the electrolyte in
use. [t may be the case that the process is a process for forming
a metal supported solid oxide fuel cell, the process compris-
ing the steps of:

a) applying a green anode layer including nickel oxide,
copper oxide and a rare earth-doped ceria (optionally pow-
dered) to a metal substrate, wherein the powders are option-
ally of particle size distribution d90 in the range 0.2 to 3 pm
and wherein the nickel oxide, copper oxide and rare-earth
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doped ceria are optionally applied as an ink, the ink optionally
comprising a total solids content in the range 30 to 70% mixed
metal oxides, with optionally in the range 5 to 50 wt % of the
total metal oxide of copper oxide;

b) optionally drying the ink to provide a printed layer of
thickness in the range 5 to 40 pm;

¢) optionally compressing the green anode layer at pres-
sures optionally in the range 100 to 300 MPa;

d) optionally, heating the printed layer to remove the ink
base leaving a green anode layer comprising nickel oxide,
copper oxide and a rare earth-doped ceria;

e) firing the green anode layer at a temperature optionally
in the range 950 to 1100° C. to form a composite;

f) providing an electrolyte; and

g) providing a cathode.

Unless otherwise stated each of the integers described in
the invention may be used in combination with any other
integer as would be understood by the person skilled in the art.
Further, although all aspects of the invention preferably
“comprise” the features described in relation to that aspect, it
is specifically envisaged that they may “consist” or “consist
essentially” of those features outlined in the claims. In addi-
tion, all terms, unless specifically defined herein, are intended
to be given their commonly understood meaning in the art.

Further, in the discussion of the invention, unless stated to
the contrary, the disclosure of alternative values for the upper
or lower limit of the permitted range of a parameter, is to be
construed as an implied statement that each intermediate
value of said parameter, lying between the smaller and greater
of the alternatives, is itself also disclosed as a possible value
for the parameter.

In addition, unless otherwise stated, all numerical values
appearing in this application are to be understood as being
modified by the term “about”.

BRIEF DESCRIPTION OF THE DRAWINGS

In order that the present invention may be more readily
understood, it will be described further with reference to the
figures and to the specific examples hereinafter.

FIG. 1 is a schematic representation of a SOFC as
described in GB 2 368 450,

FIG. 2 is a scanning electron micrograph (SEM) showing a
cross section through a SOFC of FIG. 1 (15.0 kV, 7.9
mmx1.50 k);

FIG. 3 is a SEM showing a cross section through a SOFC
including an anode formed from a nickel oxide-copper-ox-
ide-GCO composite (15.0 kV, 8.5 mmx1.0 k);

FIG. 4 is a SEM showing a cross section of a sintered anode
formed from a nickel oxide-GCO composite (15.0 kV, 7.1
mmx13 k);

FIG. 5 is a SEM showing a cross section of a sintered anode
formed from a nickel oxide-copper-oxide-GCO composite
(15.0kV, 8.9 mmx13 k);

FIG. 6 is a current-voltage curve for the SOFC of FIG. 3 as
a function of cell operating temperature (56% hydrogen-44%
nitrogen fuel, excess air fed to cathode);

FIG. 7 is a power-cycle graph of the SOFC of FIG. 3; and

FIG. 8 is atable showing the enhanced mechanical strength
of the nickel oxide-copper-oxide-GCO composite as illus-
trated in FIG. 3 relative to the nickel-CGO anode illustrated in
FIG. 2.

DETAILED DESCRIPTION

A SOFC 10 as described in GB 2 368 450 is shown sche-
matically in FIG. 1, and in SEM cross-section in FIG. 2. Both
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figures show a ferritic stainless steel substrate 1, made par-
tially porous by laser-drilling thousands of holes though the
central region of the substrate 2. The porous substrate is
covered by a nickel oxide and CGO anode layer 3 covering
the porous region 2 of the substrate 1. Over the anode layer 3
is deposited a CGO electrolyte layer 4 (10-20 um, CGO),
which overlaps the anode 3 onto the undrilled area 9 of the
substrate 1, thus forming a seal around the edge of the anode
3. The cathode 5,6 has a thin active layer 5 (CGO composite)
where the reduction of oxygen takes place, and a thicker
current collector layer 6 (lanthanum strontium cobaltite) to
allow current to be collected from the cell 10 in a stack. FIG.
2 additionally shows a very thin stabilised zirconia layer 7 and
an even thinner doped ceria layer 8, which block electronic
conductivity (preventing short circuiting from undesirable
chemical reactions between the cathode 5,6 and zirconia layer
7) and form the interface between the anode 3 and electrolyte
5,6 respectively.

SOFC 10 of FIGS. 1 and 2 was prepared by applying a
screen-printing ink containing suspended particles of nickel
oxide powder and CGO powder (d90=0.7 to 1.2 pum, ratio of
nickel oxide to CGO in the ink being 1.8:1 by weight). The ink
was screen printed onto ferritic stainless steel substrate 1
using conventional methods, and dried in an oven to evapo-
rate the solvents and set the binders thereby forming a dried,
printed layer of thickness 9 to 15 pm. The dried, printed layer
was compressed using cold isostatic pressing at pressure of
300 MPa. The green anode layer was placed in a furnace and
heated to a temperature of 960° C. in air atmosphere for 40
minutes, to produce a sintered anode layer 3. A CGO electro-
lyte layer 4 was sprayed onto the anode layer 3 and fired in a
furnace at 1020° C. for 40 minutes. Finally, zirconia layer 7
was applied to the fired electrolyte layer by means of the
method disclosed in GB 2 456 445 followed by application of
the doped ceria layer 8 and the two cathodic layers 5,6 also
using the methods of GB 2 456 445, before firing at a tem-
perature of 825° C. to produce the SOFC 1 structure.

FIG. 3 shows a cross-section through a SOFC including
nickel oxide-copper oxide-CGO composite as claimed. The
nickel oxide and copper oxide are present in a 9:1 ratio by
weight resulting in a 9:1 ratio of nickel to copper in use.
Subject to the introduction of copper into the anodic structure
such that the 1:1.3 ratio of nickel oxide: CGO described above
becomes a 1:1.3 ratio of the mixed metal oxide (namely nickel
oxide and copper oxide) to CGO, the structure of the fuel cell
was in accordance with the prior art cell of FIGS. 1 and 2. The
manufacture closely followed the preparation method of the
prior art cell, with the exception that the dried printed layer
was heated in an oven to a temperature of 350° C. prior to
compression to remove the organic binders in the ink and
provide a green anode layer, and that the firing of the anode
was at 1020° C. for 45 minutes.

EXAMPLES
Anode Structure

FIGS. 4 and 5 show the difference in anode structure
obtained through the addition of copper oxide to the compos-
ite structure. The composite of FIG. 4 has the composition 64
wt % nickel oxide to 36 wt % CGO and the composite of F1G.
5, 51 wt % nickel oxide, 5.7 wt % copper (I1I) oxide and 43.3
wt % CGO. In order to improve the REDOX stability of the
nickel-copper anode in FIG. 5, the level of metal oxide was
reduced somewhat relative to the original anode shown in
FIG. 4. After reduction during fuel cell operation, the anode
cermet in FIG. 4 is 53 vol % metal as opposed to 45 vol %
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metal in FIG. 5. It has been shown that reducing the metal
content alone does not confer adequate REDOX stability; the
addition of copper is required as well. Both composites were
prepared as above, and fired in air at 1020° C. for 60 minutes
before fabrication into cells and reduction to metal in situ to
form the cermets shown.

Good sintering is evidenced by a clear distinction between
ceramic and metallic regions, and by the particles of both
ceramic and metallic phases having fused together. The
ceramic regions appearing as light regions and the metallic
regions as dark patches. As can be seen, the composite of FIG.
5, which contains copper, includes larger, darker metal par-
ticles, indicating good sintering, the well sintered structure of
the CGO is also readily apparent. This well sintered structure
can also be seen in FIG. 3 (anode 3).

The resulting anode structure has been demonstrated to be
highly REDOX-stable at operating temperatures of <650° C.,
being capable of withstanding hundreds of high-temperature
fuel interruptions without significant cell performance deg-
radation.

Selection of Copper

A range of cations are known to enhance doped ceria
sintering, these include copper, cobalt, iron, manganese and
lithium (U.S. Pat. No. 6,709,628, J. D. Nicholas and L.. C. De
Jonghe, Solid State Ionics, 178 (2007), 1187-1194). Consid-
eration was therefore given to doping the rare earth-doped
ceria with one of these cations. Of the above cations, copper,
cobalt and lithium are reported to the most effective at
enhancing the sintering of rare earth-doped ceria. Copper and
cobalt are the only cations considered by the applicant to be
suitable for use in an SOFC anode as lithium oxide is highly
reactive, and in addition is known to be very detrimental to the
ionic conductivity of rare earth-doped ceria by forming an
insulating phase on the grain boundaries. Cobalt is well
known to enhance the sintering of rare earth-doped ceria, and
in addition is known to be effective as an anode catalyst (C. M.
Grgicak, R. C. Green and J. B. Giorgi, J. Power Sources,
179(1), 2008, 317-328), although typically less so than
nickel. However initial evaluation of the sintering behaviour
of composites using a push-rod dilatometer surprisingly dem-
onstrated that cobalt oxide is ineffective in enhancing the
sintering of nickel oxide, and thus the sinterability of the
anode composite was not significantly enhanced by the par-
tial or even complete substitution of nickel oxide with cobalt
oxide. Copper oxide by contrast demonstrated a great
increase in the sinterability of the composite, partly it is
suspected because it may form a low melting-point eutectic
with nickel oxide, thus introducing some liquid-phase sinter-
ing.

Fuel Cell Performance

FIG. 6 is a series of current-voltage polarisation curves for
the fuel cell of FIG. 3, at different operating temperatures.
Fuelling rate was calculated to give approximately 60% fuel
utilisation at 0.75V/cell at each of the measured temperatures,
showing that the system can be operated across a range of
temperatures at least as broad as 495 to 616° C., allowing the
operational temperature to be optimised for application, num-
ber of cells in the stack, output required etc.

FIG. 7 shows the very good REDOX stability possible with
this anode structure. A series of cycles are run at 600° C. on a
seven-layer short stack, where a current-voltage curve is run
to establish the stack performance. The stack is then returned
to open circuit, and the hydrogen supply to the stack is cut
whilst maintaining the stack at 580-600° C. Air and nitrogen
are maintained to the stack during this period. The fuel inter-
ruption is sustained for 20 minutes, allowing time for the
anode to partially reoxidise. The hydrogen feed is then
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restored, and after giving the stack a few minutes to recover,
another current-voltage curve is run to determine if stack
performance has been lost as a result of the REDOX cycle of
the anode. This sequence continues until stack performance
starts to fall, indicating damage to one or more cells as aresult
of REDOX cycling.

It can be seen from FIG. 7 that with the SOFC cell of FIG.
3, the seven cells within the stack will tolerate more than 500
REDOX cycles without any significant loss of performance
after a small initial burn-in, with 544 cycles being run in total.
Enhanced Mechanical Strength of Anode Resulting from
Copper Addition

FIG. 8 is a table of the results of mechanical strength tests
undertaken on SOFC cells both after initial manufacture and
after cells have operated in an initial performance characteri-
sation test, for both standard nickel-CGO anodes as illus-
trated in FIG. 2, and nickel-copper-CGO anodes as illustrated
in FIG. 3.

In the as-manufactured cells, the anodes are in the oxidised
state and prior to the mechanical test they are reduced in order
to mimic the anode structure in the cell at the start of operat-
ing, whereas the anodes in the “after operating” cells are in the
final cermet state of the working anodes.

In order to perform the mechanical strength measurement
on the cells, the metal substrates of the cells are first glued to
a flat steel plate to prevent the cells flexing when a pulling
force is applied. The cathodes of the cells are removed
mechanically, exposing the electrolyte.

To assess the mechanical strength of the anode and/or the
anode-electrolyte bond, circular metal test pieces are glued to
the electrolyte surface in the four corners of the electrolyte
and the middle of the cell. A diamond scribe is used to cut
through the ceramic layers of the cell around the metal test
piece. A calibrated hydraulic puller is then attached to the test
piece and used to measure the stress required to pull the test
piece off the cell substrate. A maximum pulling stress of 17
MPa may be applied using this technique, after which the glue
holding the test piece to the electrolyte tends to fail rather than
the fuel cell layers on test. Should the test piece be pulled off
at less than 17 MPa this indicates the failure stress of the
weakest cell layer (usually the internal structure of the
anode).

It can be seen that whilst the standard nickel-CGO anodes
are strong in the as-manufactured state, they fail at much
lower stresses after reduction of the nickel oxide to metallic
nickel in the “after operating” cell. Without being bound by
theory, it is believed this is largely because of the lack of a
contiguous ceramic structure within the anode, meaning the
mechanical strength of the anode is provided entirely by
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relatively weak necks between nickel particles. By contrast it
can be seen that the nickel-copper CGO anodes retain their
strength after reduction to the cermet structure, indicating
much greater sintering of both metallic and ceramic phases.

It should be appreciated that the processes and fuel cell of
the invention are capable of being incorporated in the form of
a variety of embodiments, only a few of which have been
illustrated and described above.

The invention claimed is:

1. A process for forming a metal supported solid oxide fuel
cell, the process comprising the steps of:

a) applying a green anode layer including nickel oxide,
copper oxide and a rare earth-doped ceria to a metal
substrate;

b) firing the green anode layer to form a composite includ-
ing oxides of nickel, copper, and a rare earth-doped
ceria;

¢) providing an electrolyte; and

d) providing a cathode.

2. The process according to claim 1, further comprising a
step of compressing the green anode layer at pressures in the
range 100 to 300 MPa.

3. The process according to claim 1, wherein the firing of
the green anode layer occurs at a temperature in the range
950° C. to 1100° C.

4. The process according to claim 1, wherein the nickel
oxide, copper oxide and rare earth-doped ceria are powdered,
the powders being of particle size distribution d90 in the range
0.1 pm to 4 pum.

5. The process according to claim 1, wherein the nickel
oxide, copper oxide and rare earth-doped ceria are applied as
an ink.

6. The process according to claim 5, wherein the ink com-
prises 5 wt % to 50 wt % of the total metal oxide of copper
oxide.

7. The process according to claim 6, wherein the applica-
tion of the green anode layer includes an initial application of
the ink to the metal substrate, and drying the ink to provide a
printed layer of thickness in the range 5 um to 40 pm.

8. The process according to claim 1, further comprising
heating the printed layer to remove the ink base leaving a
green anode layer comprising nickel oxide, copper oxide and
a rare earth-doped ceria.

9. The process according to claim 1, wherein the step of
providing an electrolyte occurs before the step of firing the
green anode layer, so that the electrolyte and green anode
layer are simultaneously fired.
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